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1. Introduction
Secondary organic aerosol (SOA) forms through the oxidation of various volatile organic compounds 
(VOCs) and consists of a large proportion of the total aerosol mass (Huang et al., 2014; Ng et al., 2010; Sun 
et al., 2013; Zhang et al., 2007; Zhang, Yee, et al., 2018). Isoprene (2-methyl-1, 3-butadiene), mainly origi-
nating from biogenic sources, has the largest emission of all nonmethane VOCs with a global emission of 
∼600 Tg C yr−1 (Guenther et al., 2006). Isoprene is highly reactive and can be readily oxidized by various 
oxidants (mainly OH, NO3, and O3) in the atmosphere, affecting the abundance of global SOA (Carlton 
et al., 2009; Claeys et al., 2004; Wennberg et al., 2018). The state-of-the-art isoprene oxidation mechanisms 
have been incorporated into the model to estimate global budget of isoprene SOA (Bates & Jacob, 2019; 
Müller et al., 2019; Pai et al., 2019; Stadtler et al., 2018) during recent years. Although significant progress 
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has been made on the isoprene oxidation scheme, uncertainties about isoprene oxidation under various 
polluted conditions still exist, which would affect the estimation of the isoprene SOA yield among polluted 
environments.
Isoprene oxidation and SOA contribution under NOx free or low-NOx condition ([NOx]<1 ppb) have 
been well studied during past years (Kroll et  al.,  2006). The formation of dihydroxy epoxides (IE-
POX) dominates the isoprene oxidation process (Paulot et al., 2009) at yields greater than 75% (Bates 
et al., 2014). The reactive uptake of IEPOX onto aerosol seeds has been confirmed to form SOA (D'Am-
bro et al., 2017; Lin et al., 2011; Liu et al., 2015; Nguyen et al., 2014; Xu et al., 2015; Zhang, Chen, 
et  al.,  2018). Aside from the IEPOX pathway, the multifunctional compounds formed through iso-
prene oxidation would be of low enough volatility to partition efficiently to the particle phase (Kroll 
& Seinfeld, 2008). Various studies have reported the formation mechanisms of multifunctional iso-
prene oxidation products and their contribution to SOA formation under low-NO conditions (Berndt 
et al., 2016; Krechmer et al., 2015; Riva et al., 2016; Wang et al., 2018), with SOA yield ranging from 
5.8% to 11%.
Under polluted environments, the effect of NOx on isoprene SOA formation has not yet been fully interpret-
ed. A continuous increase in SOA was observed in isoprene-photooxidation with increased NO injection 
(Kroll et al., 2005; Nga et al., 2006). Multiple studies have indicated oppositely that the addition of NO will 
suppress SOA formation (D'Ambro et al., 2017; Kroll et al., 2008; Liu et al., 2016). Several other experiments 
have reported a nonlinear effect of NOx (Dommen et al., 2006; Kroll et al., 2006; Xu et al., 2014). Field meas-
urements have highlighted the importance of NOx on isoprene SOA formation: the aircraft and ground ob-
servations indicated that SOA formation was enhanced when NOx was mixed with isoprene-rich air masses 
(Setyan et al., 2012; Shilling et al., 2013).
The oxidation of methacryloyl peroxynitrate was considered to be the important SOA formation path-
way under high-NOx conditions (Chan et al., 2010; Kjaergaard et al., 2012; Lin et al., 2013; Nguyen 
et  al.,  2015; Schwantes et  al.,  2019; Surratt et  al.,  2009), but have also been pointed out to be sup-
pressed under atmospheric humidity (Schwantes et  al.,  2019; Zhang et  al.,  2011). The equilibrium 
gas-particle partitioning of low volatility isoprene nitrates is believed to be another important source 
of isoprene SOA, although the yields of multifunctional isoprene nitrates have not been well stud-
ied (Lee et  al.,  2014; Wennberg et  al.,  2018). Schwantes et  al.  (2019) presented that the SOA yield 
from multifunctional organic nitrate was significantly higher than previously thought under high NO 
conditions (∼15%). The observational evidence indicated that highly functionalized organic nitrates 
account for at least 58% of particulate nitrate and the diurnal profiles of C5 functionalized organic 
nitrates were consistent with isoprene (Lee et al., 2015).
In this work, we present the field measurements of organic aerosol (OA), gas-phase precursors (isoprene 
and its major oxidation products) and highly functionalized compounds during June 22 to 27 of 2018 in 
the Feng Xian campus of East China University of Science and Technology (ECUST), Shanghai and during 
July 13 to August 9 at the Station for Observation Regional Processes of the Earth System (SORPES) in the 
Xianlin campus of Nanjing University. Such comprehensive observation makes it possible to identify major 
highly functionalized isoprene oxidation products and to semi-quantify their contribution to SOA forma-
tion in the real atmosphere. The two observational sites are both located in the Yangtze River Delta (YRD), 
which are representative of the eastern China region.
2. Field Observations
2.1. Site Description
Comprehensive field observations were conducted during the summer of 2018 at two representational sites 
located in the YRD, eastern China region. The first site was the SORPES in the Xianlin campus of Nanjing 
University, which is the regional background station upwind of Nanjing downtown. The geographic loca-
tion and meteorological characteristics were described in detail by Ding et al. (2013). The second site was lo-
cated in the Fengxian campus of ECUST, which was ∼50 km south of downtown Shanghai, near Hangzhou 






Measurements of highly oxidized gas-phase organic species were applied with an Aerodyne high-resolution 
time-of-flight chemical ionization mass spectrometer (CIMS; HR-ToF-CIMS or HR- CI-APi-TOF). In this 
work, the CIMS was equipped with an atmospheric pressure nitrate-ion (NO3−) ionization source (Airmo-
dus Ltd.). The VOCs were measured with a PTR-TOF-MS (Ionicon Analytik, TOF 1000 ultra). Trace gases 
(O3 and NOx) were measured with Instruments of Teledyne Technologies Inc. T400 and T200 at ECUST, 
Shanghai and with Thermo Fisher Scientific, TEI 49i and 42i equipped with BLC converter at SORPES, 
Nanjing (Xu et al., 2017). The OA was measured by TOF-ACSM at ECUST. The OA at SORPES was obtained 
from OC concentration. The detailed calibration and correction methods are described in Text S1 (support-
ing information).
3. Results and Discussion
The two observational sites are under influence of biogenic and anthropogenic interaction. The SOR-
PES station is strongly affected by local biogenic and anthropogenic emissions. As is shown in Fig-
ures  1a and 1b, isoprene concentration showed a clear diurnal variation following solar radiation, 
with the averaged daytime concentration of over 2 ppb; NO concentration peaked during 06:00-10:00 
LT indicating the effect of morning rush hour. Such effect of local biogenic emissions on ECUST, 
Shanghai was much weaker as is shown in Figure 1c. The NOx concentration at ECUST was compa-
rable with SORPES (Figures 1b and 1d). The mean NOx concentration was 4.91 and 5.95 ppb at SOR-
PES and ECUST during the observation period, respectively. The high NOx concentration observed at 
both sites indicated high regional background of NOx in eastern China. The daytime MVK + MACR/
isoprene ratio at SORPES and ECUST ranged between 1.41–1.55 and 0.45–3.33, respectively. The high 
ratio indicated that under high-NOx condition, isoprene hydroxy peroxy radicals (ISOPOO) + NO re-
action likely dominated the fate of ISOPOO. The reacted isoprene concentration was estimated based 
on the in situ isoprene, MVK, and MACR concentration (Text S1, supporting information). On aver-
age, 45%–69% of isoprene was reacted during photochemical processes at SORPES. This value was 




Figure 1. Diel pattern of gas-phase precursors in two sites: (a) and (b) SORPES (Nanjing); (c) and (d) ECUST 
(Shanghai). (a) and (c) isoprene and sum of methyl vinyl ketone (MVK) and methacrolein (MACR). UVB in Nanjing 
site is also included. (b) and (d) trace gases (O3, NO, and NOx).
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The higher ratio of reacted isoprene at ECUST indicated longer OH exposure after isoprene were 
emitted into atmosphere.
Strong biogenic and anthropogenic interaction occurred at the ECUST, Shanghai, only under favorable 
meteorological conditions. Long-term air mass trajectory analysis (Figure S5a) indicated a significant influ-
ence of biogenic emission from the south (35% of summer days during 2013–2018). During the period of the 
campaign (May 17 to June 27), the average isoprene concentration was three times higher when air masses 
were transported from southern forested areas (Figure S6). Field observation periods available with CIMS 
measurement at the two sites were shown in Figures S3 and S7, respectively. During the ECUST campaign, 
we captured one case that OA increased and accumulated synchronously with the increase in isoprene con-
centration (June 25 to 26). This case (see Text S2, in the supporting information, for details), along with the 
continuous observational results at the SORPES station, was discussed in the following sections.
3.1. Identification of Isoprene Multifunctional Products
To identify the isoprene multifunctional products or isoprene oxidized organic molecules (abbreviated as 
IPOOMs), an identification workflow was developed and performed on all identified compounds meas-
ured by CIMS. The characteristics of the molecular carbon number (nC), hydrogen number (nH), and 
effective oxygen number (nO, representing the actually oxygen number bonded with carbon molecules, 
nO = nO* − 2*(nN), where nO* denoted the original oxygen number) and molecular unsaturation degree 
(SD = nC + 1 − (nN + nH)/2) of IPOOMs were summarized based on the latest isoprene oxidation scheme 
(Wennberg et al.,  2018) and performed to narrow down the pool of IPOOMs. Correlation analysis with 
C5H10N2O8 concentration and external tracers (e.g., concentration of isoprene, MVK + MACR, estimated 
OH radical) was then applied to further exclude compounds that were irrelevant or contradictious with 
variation of precursors. In general, we identified IPOOMs based on the following steps: (1) NO3−-attached 
closed-shell molecules were selected; (2) molecules with nC = 4 and 5 were selected; (3) C4 compounds 
with SD range of 1–2, nO <=6, nH> = 6 and C5 compounds with SD range of 0–2, nO <=7, nH> = 8 were 
selected. The detailed descriptions about the workflow is provided in Text S3 (supporting information).
The NO3− CIMS measurements indicated that C5H10N2O8 showed the highest signal in counts per second 
among all observed compounds (9.4% and 7.5% at SORPES and ECUST) and that C4 and C5 oxidized com-
pounds contributed over 15% to the total signal at both sites (Table S2). The signal intensity of C7 com-
pounds at the SORPES were much larger than at the ECUST, which is attributed to higher concentration 
of aromatic precursors (toluene) at SORPES, Nanjing (Figure S8). Referring to the latest study of isoprene 
oxidation (Wennberg et al., 2018 and Schwantes et al., 2019), C5H10N2O8 was most likely to be isoprene 
dihydroxy dinitrates, second-generation oxidation products from OH initiated isoprene oxidation reactions 
in the presence of NO. The formation pathway of C5H10N2O8 is shown in Figures S9–S11: the reaction of 
OH with isoprene in the atmosphere proceeds mainly via OH addition to the C=C bond, leading to the for-
mation of ISOPOO radicals (mostly 1,2-ISOPOO and 4,3-ISOPOO). The ISOPOO radicals react with NO to 
form isoprene hydroxyl nitrates (IHNs) via NO addition. Following addition of OH to the remaining double 
bond of IHNs, hydroxyl nitrooxy peroxy radical isomers are formed via addition of oxygen. The hydroxyl 
nitrooxy peroxy radical isomers react with NO to form isoprene dihydroxyl dinitrates, which contribute to 
the m/z = 288 signals measured by NO3− CIMS. C5H10N2O8 was reported as an isoprene nitrates and showed 
good correlation with sulfate and SO2 at a forest site (Massoli et al., 2018). The formation of C5H10N2O8 is a 
strong indication of chemical interaction between both biogenic and anthropogenic emissions. The diel cy-
cle of C5H10N2O8 (Figure 2a) shows a first peak at ∼10:00 LT (local time) and a second but smaller increase 
at ∼21:00 LT. This diel pattern was in consistence with the pattern of other reported functionalized nitrates 
(Lee et al., 2015; Xiong et al., 2015; Massoli et al., 2018). The normalized diel cycles of the most abundant 
isoprene oxidation products, including C5H8,10N2O8, C4H7NO6, C5H7,9,11NO6, C5H7,9NO7, are shown in Fig-
ure 2b. Since OH radical is needed to initiate the reactions, all of functionalized compounds have day time 
peaks between 9:00–12:00 LT. It should also be noted that nighttime enhancement was also observed during 
18:00-23:00 LT. There was sufficient O3 and NO2 during that period ([O3] ≈40 ppb; [NO2]≈5 ppb), promoting 
NO3 production. NO3 involved reactions could contribute to the nighttime enhancement of IPOOMs. Sub-





IPOOMs, were observed during the case at ECUST, Shanghai. Experimental results were supportive that 
C5H8N2O8 and C5H10N2O8 can be produced in NO3+ isoprene system (Ng et al., 2008); while, to our knowl-
edge, there was no relevant reports from field observations.
3.2. Characteristics of IPOOMs
Characteristics of identified IPOOMs were statistically analyzed according to different criteria (Figures 3 
and S12). It should be noted that NO3− CIMS was insensitive to the compounds with O/C ratio lower than 
0.6–0.7 (Simon et al., 2020; Stolzenburg et al., 2018), the statistical analysis would underestimate the contri-
bution of less oxidized organics. The most abundant IPOOMs were given in pie chart (Figure 3a), represent-
ing the relative contributions of individual IPOOM to the total mole concentration of IPOOMs. Compared 
with composition of isoprene functionalized products under low-NO condition (Krechmer et al., 2015), for-
mation of hydroperoxides was suppressed and isoprene RO2 + NO reactions dominated the fate of isoprene 
oxidation due to the observed high-NOx concentration. Supportive evidence can also be addressed from 
high MVK + MACR/isoprene ratio observed during summer time (in the range of 0.45–3.33). Although 
considering as a minor path from isoprene RO2 + NO reactions, organic nitrates constitute large proportion 
of IPOOM composition: 72% of IPOOMs mole concentration were identified as nitrogen-containing species; 
42% of IPOOMs mole concentration were identified as dinitrates, and C5H10N2O8 alone contributed about 
85% of dinitrate mole concentration (Figure 3b). NO3 oxidation reactions were also an important source of 
isoprene organic nitrate, since we can observe tri-nitrates even during daytime. The proportion of tri-ni-
trates increased to about 3% of total IPOOMs mole concentration during early night at SORPES, Nanjing 
when radiation condition was weakened and there was still plenty of isoprene in the air indicating that NO3 
chemistry during early night was an important sink of NOx (Figure S13). The PMF analysis on oxidized 
organics at SORPES have separated one isoprene NO3 factor. The representative compounds of this factor 
were C5H10N2O8 and C5H9N3O10. C5H9N3O10 was supposed to be isoprene hydroxyl tri-nitrates, which can 
only be form through NO3 oxidation (see details in Text S4, supporting information).
The highest contribution came from IPOOMs with nO = 4 and 5, constituting of 89% IPOOM mole concen-
tration (Figure 3c). The fact that NO3− CIMS is more sensitive to highly oxygenated molecules (Ehn et al., 
2014; Yan et al., 2016) suggests that the observed distribution of IPOOMs with nO = 6 and 7 accounts for 
less than 5% of total IPOOMs mole concentration was not due to instrument sensitivity. Such decreasing 
trend with increasing nO in gas phase was also reported by Lee et al. (2015). This decreasing trend can be ex-
plained by the high regional NOx concentration and the decreased volatility with increasing oxidation state.
The distribution of IPOOMs SD is shown in Figure  3d, saturated functionalized compound constituted 
44% of IPOOMs mole concentration, unsaturated functionalized with SD = 1 and 2 constituted 34% and 
22% of IPOOMs mole concentration, respectively. Such distribution indicated that within the selectivity 





Figure 2. (a) Diel pattern of isoprene dihydroxyl dinitrates (C5H10N2O8) and (b) Normalized diel pattern of the most 
abundant isoprene multifunctional products identified at SORPES, Nanjing.
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To evaluate the contribution of IPOOMs to SOA, we calculated the saturation vapor pressures of the de-
tected IPOOMs. The determination of IPOOM molecular structures is not possible with the available data, 
which made a more precise and structure-based volatility estimation difficult to apply. Consequently, the 
group-contribution method was applied for this analysis, using the molecular bulk properties to parametrize 
the volatility of each IPOOM at 300 K (also listed in Table S3). The volatility estimation reflected that over 
98% of IPOOMs by mole were categorized as semi-VOC (SVOC) and intermediate-VOC (IVOC), volatility 
(logarithm of saturation mass concentration) ranging from −0.5 to −5, while only 1.3% of IPOOMs by mole 
were categorized as low-VOC (LVOC) (Figure 4a). The volatility distribution indicated that, under high-NOx 
concentration, the functionalized products tend to be more volatile (73% of total mole concentration were 
O4 compounds), compared with hydroxy dihydroperoxides (C5H10O5-6) being the main functionalized prod-
ucts under low-NO condition (Krechmer et al., 2015).
3.3. Estimation of Particle-Phase Contribution
Condensation of IPOOMs to OA was evaluated based on the equilibrium partitioning between gas and 
particle phase (method described in Text S5, supporting information). Uncertainties about OA contribution 
were mainly introduced by two factors: (1) volatility estimation that affected partitioning coefficient and 
(2) IPOOM calibration that affected IPOOM concentration. The volatility estimated by group-contribution 
method was compared with those reported by Schwantes et al. (2019). In general, the differences of vola-
tilities were within an order of magnitude and the group-contribution method tended to overestimate the 
volatilities of SVOCs by a factor of 3–5. For example, C5H10N2O8 (isoprene dihydroxyl dinitrates) has the 
saturation mass concentration of 33.8 μg/m3 at 300 K calculated from the group-contribution method. The 




Figure 3. Relative concentration of averaged daytime (LT 10:00-14:00) IPOOMs concentration at the SORPES, Nanjing 
according to different statistical criteria: (a) Different IPOOMs composition; (b) IPOOMs containing different nitrate 
groups; (c) IPOOMs containing different oxygen number; (d) IPOOMs with different molecular saturation degree. 
This statistical result only reflected the distribution of organic molecules within the selectivity of NO3− CIMS. CIMS, 
chemical ionization mass spectrometer.
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1,3-dinitrate, and isoprene 1,4-dihydroxyl 2,3-dinitrate is 7.67, 13.2, and 5.23 μg/m3. It should be noted that 
the difference of volatility cannot reflect the real situation of bulk volatility estimation, since the contribu-
tion of different isomers is unknown. The uncertainty of the volatility of individual IPOOM as well as the 
overall volatility distribution is hard to get, the current estimation is based on our best knowledge and estab-
lished methods (Mohr et al., 2019; Simon et al., 2020; Stolzenburg et al., 2018; Yan et al., 2020). An addition-
al 33% uncertainty is also introduced from the determination of the calibration factor of IPOOMs (Kürten 
et al., 2012). The average mass of total condensed IPOOMs at two observational sites was 0.28 ± 0.27 μg/
m3, accounting for 2.6% of the total OA (error bonds represent the standard deviation). The relative contri-
bution to particle-phase IPOOMs is shown in Figure 4b. Although, constitute only 1.3% of total gas-phase 
IPOOMs concentration, LVOC contributed 29.9% of particle-phase concentration. SVOC contributed to 
70.1% of particle-phase concentration. To investigate the relative contribution of different isoprene SOA, 
IEPOX-SOA contribution in ECUST was resolved with a-value PMF (Text S6, supporting information), the 
average concentration was 0.24 μg/m3, accounting for 2.3% of total OA. The result showed that IEPOX-SOA 
were significantly lower than the reported concentration by various field campaigns with relatively lower 
NO concentration, which account for 6%–36% of total OA (Budisulistiorini et al., 2013; Hu et al., 2015); but 
were comparable with the IEPOX-SOA (0.33 ± 0.19 μg/m3, 3.8% of the total OA) reported in Nanjing at 2013 
summer (Zhang et al., 2017). The filter-based analysis had also indicated that IEPOX-SOA formation was 
significantly suppressed in China due to high-NOx concentration (Ding et al., 2016). In ECUST, the con-
tribution of isoprene SOA (IEPOX-SOA + IPOOM condensation) accounted for 4.3% (2.9%–6.1%) of total 
OA (0.73 ± 0.27 μg/m3, average ± standard deviation) during the reported episode. The estimated IPOOM 
condensation showed good correlation with IEPOX-SOA (R2 = 0.79) and their contribution was comparable 
(Figure S21). It should also be noted that the reactive uptake by preexisting aerosol and subsequent hydrol-
ysis might be another important pathway of isoprene SOA formation from IPOOMs under high humidity 
and aerosol water content conditions during summer. The hydrolysis of IHN to form diols and nitric acid 
has been proposed by Jacob et al. (2014); but the hydrolysis rate of functionalized isoprene nitrates is poorly 
studied yet and need further study. Thus, the contribution of IPOOMs to SOA in polluted regions, such as 
eastern China, was comparable or even higher than IEPOX channel and the sources of isoprene SOA need 
to be re-evaluated in polluted regions.
The modeled results further indicated that the relative contribution of IPOOMs is highest during two peri-
ods, which were around 10:00 LT and 20:00 LT (Figure 4c). The daytime peak was consistent with the high 
concentration of IPOOMs, while the night time peak was attributed to the integrated influence of OA con-




Figure 4. (a) Volatility distribution of IPOOMs at 300 K, IPOOMs were grouped in bins separated by an order of 
magnitude in C* and normalized by the total concentration of IPOOMs; (b) same plot as panel (a), with normalized 
particle-phase concentration; (c) diel cycle of IPOOMs relative contribution to OA, averaged from observation period 
(red diamond represent mean value, solid line represent median value, and shading areas represent 25% and 75% 
percentile) and observed OA concentration with standard deviation (black dots with error bars).
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tioning coefficient; the decreased temperature led to the decrease of volatility promoting the condensation; 
the nighttime formation occurred at this time period for IPOOMs provided more gas-phase precursors than 
afternoon and dusk. The functionalized organic nitrates dominant the total mole concentration of iden-
tified IPOOMs in Shanghai and Nanjing, accounting for 72% and 88%, respectively. Although C5H10N2O8 
constituted of large proportion of gas-phase IPOOMs concentration, more oxidized functionalized nitrates 
were also important in particle phase (Figure S22). It should also be noted that NO3− CIMS is less sensitive 
to less oxidized organic compounds (Figure 3c). Although these compounds are likely categorized as IVOC, 
their contribution on OA should not be neglected when OA concentration is sufficient. Thus, our estimated 
OA contribution should be considered as a lower limit.
4. Conclusions
Simultaneous ground measurements of gas-phase precursors, oxidized organic compounds, and OA were 
conducted at two suburban sites located in east China during 2018 summer. Isoprene oxidized organic 
compounds (IPOOMs) were identified to contribute large fraction of NO3− CIMS signal, of which isoprene 
dihydroxyl dinitrate (C5H10N2O8) showed the highest concentration at both sites. The observational results 
indicated that in the atmosphere with high NOx and isoprene concentration: (1) RO2-NO reactions domi-
nate the fate of isoprene oxidation (likely the same for other VOC oxidation); (2) multigeneration oxidation 
reactions are important, supported by the high concentration of saturated IPOOMs. Most of the IPOOMs 
were SVOC and contributed to 2.6% of the total OA through gas/particle partitioning. Further study is 
necessary to obtain a more quantitative observation of particle phase functionalized organic composition 
and to estimate large-scale contribution of functionalized organic compounds to SOA formation in polluted 
regions.
Data Availability Statement
The measurement data used is available at ZENODO (https://zenodo.org, https://doi.org/10.5281/
zenodo.3901111).
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